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The oceans have an important role in the geochemical cycle of volatile 
halogenated organic compounds (VHOC). There has been an increased interest in the 
VHOC during the last twenty years because of their role in the chemistry of the 
atmosphere. Of primary concern has been their abilitity to catalyse the destruction of 
ozone. 
Most volatile halogenated organic compounds measured in sea water, were found to 
originate in the natural production by marine algae. The production of individual 
VHOC substances and their production rates are species specific. Not only macro 
algae are able to produce VHOC, but also planktonic micro-organisms. The smallest 
fraction, the picoplankton, was shown to be the most effective producer of VHOC. It 
was also shown that the production could change rapidly and there were large 
seasonal, geographical and diurnal variations. The production rates on a global scale 
for all compounds investigated was shown to be in the order of Gmoly"1. 
There is an intimate relationship between photosynthesis, the formation of 
active oxygen species and the formation of VHOC. The most important controling 
factor was suggested to be light intensity. Therefore, it is suggested that the formation 
of VHOC is as old as photosynthesis. 
Chlorinated substances like trichloroethene, tetrachloroethene, chloroform and 
tetrachloromethane were shown to be produced by both macro algae and micro algae. 
These substances were earlier believed to have only anthropogenic origin. The natural 
emission of some of these compounds was shown to be in the same order of 
magnitude as present-day emissions. 
The simultaneous determination of 22 halocarbons in sea water was 
successfully carried out by means of capillary gas chromatography with electron 
capture detection or mass spectrometric detection. Pre-concentration was performed 
with a purge and trap technique utilising a microtrap filled with a porous polymer. The 
detection limits are in the lower fmol l"1 fo r all compounds, and the precision is in the 
range 1-4% (RSD). The combination of purge and trap, gas chromatography and mass 
spectrometry was shown to be a versatile tool for the identification of naturally 
produced halogenated compounds. 
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1. Introduction 
The oceans play an important role in the geochemical cycle of volatile 
halogenated organic compounds (VHOC). There has been an increased interest 
in the VHOC during the last twenty years since they have an important role in 
the chemistry of the atmosphere. Of primary concern have been the 
chlorofluorocarbons (CFC:s) which are chemically unreactive in the 
troposphere and will randomly diffuse to the stratosphere, where they are 
decomposed through short wavelength solar UV radiation yielding CI atoms 
which catalyse the destruction of ozone. The fact that bromine have a 
significant role in the depletion of ozone in polar areas has increased the 
interest in bromine compounds as potential sources of ozone depleting species. 
It was shown that bromine is about 35-65 % more efficient in removing ozone 
than chlorine is (Butler and Rodriguez, 1996). Hence, it is probable that 
inorganic bromine has a large effect on the depletion of ozone, even if it present 
in smaller amounts than inorganic chlorine. 
The main sink of the VHOC, except the CFC:s, is the troposphere, where 
they react with hydroxyl radicals. However, rain- out and wash out as well as 
transport to the stratosphere have to be considered (Graedel and Keene, 1995). 
The stability of the VHOC in the atmosphere, as a function of the halogen 
substituent, increases in the order I<Br<Cl<F, i.e. the iodinated substances are 
mainly involved in reactions in the troposphere, while the fluorinated and 
chlorinated substances are stable enough to reach the stratosphere. 
Characterisation of the VHOC in the oceans is of special concern since 
the oceanic flux is still an unknown factor in the atmospheric budgets of 
halogens. Several factors need to be addressed such as the sources, both 
biogenic and anthropogenic, and the abiotic and biotic processes that act upon 
the compounds in the oceans. Also, in order to make adequate assessments, the 
analytical techniques need to be discussed. 
A major uncertainty in budget calculations of VHOC has been the 
magnitude of the natural production of VHOC. The fact that two red 
macroalgae smelled of chlorine together with the suggested involvement of 
hydrogen peroxide made us believe that the mechanisms behind the formation 
of VHOC were developed as an adaptation to oxygenated conditions some 3-4 
billions years ago. The hypothesis was, therefore, that all photosynthetic marine 
organisms have the ability to produce halocarbons, and that the magnitude of 
the emissions of naturally produced VHOC is equal to or larger than the 
industrial ones. 
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Accordingly, in the thesis I will focus on the production of VHOC, other 
than the CFC:s, by marine organisms. The production rates, by which the 
VHOC are produced, have been measured for macroalgae as well as 
microalgae. The formation mechanisms are extensively discussed in the light of 
the observed seasonal, spatial and diurnal variations. Efforts are made to 
elucidate the importance of the oceans as a major source of organo-halogens in 
the atmosphere. The last chapter concerns the determinations of VHOC in sea 
water where I will show improvements in the detection limits and precision due 
to the introduction of a microtrap in combination with a narrow bore 
chromatographic column. 
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2. Marine chemistry of halocarbons 
The fate of organic compounds in environmental systems is complex, 
since it simultaneously reflects the interplay between abiotic and biotic 
processes. The complexity of the physical- and i chemical properties of a 
compound, in combination with the complexity of mixing and transport 
patterns in the ocean, often results in difficulties in interpreting the fate of the 
compound. 
In order to be able to make valid statements regarding the fate of the compound 
we need to find ways to extrapolate from one situation to another. Several 
processes act upon a compound in the environment such as volatilisation, 
sorption/desorption, degradation, transformation and bioaccumulation. Which 
process dominates will be governed by the chemical and physical nature of the 
compound as well as by properties of the sea. 
Abiotic reactions depend on the structural features of the substrate (e.g. 
halogenation, unsaturation) and, the presence of other nucleophiles as well as 
on environmental conditions such as temperature, redox conditions and pH. 
Biotic transformations includes the presence of organisms, nutrient and redox 
conditions, the type and concentration of primary substances and the above 
mentioned environmental conditions (McCarty and Reinhard, 1992). 
The most important process for the VHOC is volatilisation. The 
evaporation of a chemical from an aqueous solution will depend largely on its 
vapour pressure and its water solubility. This relationship between these 
parameters is given by the Henry's law constant, Table 1. The constant is 
temperature dependent, and affected by the salt concentration. For many years 
the data on Henry's law constants were based on estimations, most often from 
vapour pressure and solubility data. However, some studies on experimentally 
measured data are available, (Dewulf et al., 1995, Moore et al., 1995a). The air-
sea water partition ratio plays a role in the rate expressions describing air-
seawater systems and a compound's tendency to escape from water to air. 
The relative tendency of chemicals to be sorbed to particles can be 
described by the water solubility or the n-octanol-water partition coefficient, 
K0w Linear relationships have been established between these parameters and 
partition coefficients between water, soil, sediment and biota (Kenaga and 
Goring, 1980). The Kow value is used to predict the possibility for a given 
compound to be adsorbed to particles or to be bioaccumulated. It is stated that 
if log Kow < 3, sorption or bioaccumulation are not likely to occur. Kow values 
for several VHOC are given in Table 1. The values are 3 or lower, which 
should indicate that sorption and bioaccumulation are of minor importance. The 
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partition of a compound between particles and water is also dependent on the 
amount of organic matter. Consequently, we could expect that sorption is more 
important in coastal areas. 
Table 1. Dimensionless Henry's law constants (H) at 0 
°C, and partition coefficients for octanol-water 
(Kow) for some halogenated organic compounds. 
Compound H log Kow 
CH3CI 0.17 1 0.915 
CH3Br 0.132 1.195 
CH3I 0.0763 1 1.696 
CHCI3 0.0556 ' 1.97 5 
CCI4 0.434 3 2.73 5 
CH3CCI3 0.277 3 2.48 5 
CHC1=CC12 0.129 3 2.42 5 
CC12-CC12 0.237 3 2.88 5 
CH3CH2I 2.00 7 
CH3CH2CH2I 0.148 4 2.5 7 
CH3CH2CH2CH2I 0.023 4 3.00 7 
CH2I2 0.0074 1 2.5 7 
CH2Br2 0.0112 1 1.42 5 
CHBr3 0.0063 1 2.45 5 
CHBrCl2 0.0246 1 1.98 5 
CHBr2Cl 0.0124 1 2.12 5 
CH2C1I 0.0122 1 1.64 5 
1 Moore et al., 1995a, 2 Singh et al., 1983,3 Dewulf et al., 1995, 
4 Klick and Abrahamsson, 1992, 5 Schwarzenbach et al., 1993, 6 Leo et al., 
7 Hansch et al., 1968 
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The abiotic processes responsible for the degradation of VHOC in sea 
water can be of chemical or photochemical nature. The polar covalent bonds in 
VHOC are sites for reactions either with nucleophilic or electrophilic species. 
In seawater, the majority of species that may react with organic molecules are 
inorganic nucleophiles. Water of course plays an important role. In sea water 
other nucleophiles are present in such amounts that they can compete with 
hydrolysis. For the halogen the nucleophilicity increases in the order F" < CI" < 
Br" < I". Hydrolysis rate for monohalogenated methanes range from some 30 
years for CH3F to some tenths of days for CH3Br and CH3I, (Schwarzenbach et 
al., 1993). It was shown that in sea water, a major sink for iodomethane is 
chloromethane and that the half life at 20° C was 20 days, (Zafiriou, 1974). 
However, Singh et al. (Singh et al., 1983) did not find any relationship between 
the concentration of iodomethane, bromomethane and chloromethane in open 
ocean. 
Due to steric hindrances, hydrolysis of the polyhalogenated substances is 
much slower, thus this reaction is of minor importance. The abiotic half lives of 
some of the VHOC are given in Table 2. As can be seen in the Table there are 
large variations in the values given in the literature. 
Table 2. Environmental half-lives (years), from abiotic degradation 
of halocarbons at 20° C. 
Substance Vogel et al. 19871 Jeffers et al. 19892 
Chloroform 1.3, 3500 1849 
Trichloroethene 0.9, 2.5 1.3 x 106 
T etrachloroethene 0.7,6 9.9 x 106 
Bromodichloromethane 137 
Bromoform 686 
Bromoform will undergo nucleophilic substitution, yielding 
dibromochloromethane and bromodichloromethane as degradation products. 
This is reflected in the distribution of these compounds in the ocean. An 
example of the inverse relationship between bromoform and 
bromodichloromethane is shown in Figure 1. 
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Figure 1. The distribution of bromoform (upper plot) and bromodichloro­
methane (lower plot) along 75° N in the Greenland sea, October-
95. The concentrations are given in pmol/1. 
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Redox reactions in the environment are often biologically mediated. To 
my knowledge there are no reports of biological degradation of VHOC in sea 
water. However, reductive dehalogenatation has been described to occur in 
sediments (Enzien et al, 1994) and in reducing environments (Schwarzenbach 
et al., 1993, Tanhua et al, 1996), The oxidation and reduction of VHOC in 
water follow opposite trends (McCarty and Reinhard, 1992). The rate of 
reduction tends to increase with the number of halogens on the substance while 
there is an increased resistance towards oxidation. 
There should be a variability in the rate of degradation of VHOC in the ocean 
due to the temperature dependence of the hydrolysis and substitution reactions. 
This will, of course induce variabilities in the flux of the VHOC to the 
atmosphere, due to differences, for example, in latitudinal variations. In a 
similar way the natural production of VHOC will vary. 
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3. Formation mechanisms 
During the last decades the theory behind the formation of VHOC by 
marine algae has been that enzymes like peroxidases, present within the cells, 
are responsible for the production of VHOC. The peroxidases use electron 
donors such as ascorbate, (ascorbate peroxidase), or halogens (haloperoxidases) 
in the scavenging of hydrogen peroxide. Haloperoxidases have been identified 
in algae and they have been shown to have iodinating, (Rehder et al., 1991, 
Moore et al., 1996), brominating (Pedersén, 1976, Theiler et al., 1978, Hewson 
and Hager, 1980, Beissner et al., 1981, Soedjak and Butler, 1990, Rehder et al., 
1991, Wever et al., 1993 Wever et al., 1993), and chlorinating (Soedjak and 
Butler, 1990, Walter and Ballscmiter, 1992) capacity. In principal two 
formation pathways have been suggested. Firstly, they could be cleavage 
products from halogenated C3- or C4 ketones where the active halogenating 
intermediate was the cation Enz-Br+. Secondly, free or enzymatically bound 
HOX could act as the halogenating agent, where X is either chlorine, bromine, 
or iodine (Wever et al., 1991, Rehder et al., 1991, Küsthardt et al., 1993, 
Abrahamsson et al., 1995, Nightingale et al., 1995). Consequently, the VHOC 
could be formed through the reaction of HOX and the dissolved organic matter, 
DOM. In such a way many polyhalogenated compounds could be produced, 
which could account for the wide variety of compounds found in the oceans. 
For many years it was believed that chloromethane was the only 
naturally produced chlorinated compound. We found that two tropical 
macroalgae, Eucheuma denticulatum and Meristiella gelidium did in fact, smell 
of chlorine. This allowed us to infer that other chlorinated halocarbons could be 
formed. The chlorinating ability of marine macro- and microalgae was shown 
in in situ measurements, as well as in incubation studies, (Abrahamsson et al., 
1995, Paper I, II III and V). Not only organo-chlorine compounds such as 
chloroform, trichloroethene, tetrachloroethene and the highly chlorinated 
hexachloroethane, but also the inorganic monochloroamine, were produced. 
The formation of monochloroamine by a bromoperoxidase was also found by 
Soedjak and Butler (1990). 
Several active oxygen species such as superoxide radicals, (02'")> and 
hydrogen peroxide, (H202), are formed during photosynthesis, and to a lesser 
extent during photorespiration. The connection between the production of 
VHOC and hydrogen peroxide was shown by additions of H202 to algae, Paper 
II and III. We found that there was a significant increase in production rates for 
chlorinated and brominated compounds, while the iodinated compounds 
seemed to be indifferent to the addition. The addition of hydrogen peroxide in 
light will destroy the chlorophyll, and thereby enhance the formation of active 
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oxygen species such as singlet dioxygen (Frasch and Mei, 1987). 
Consequently, the increased production rates could be due to the activation of 
peroxidases, or due to the direct oxidation of halide ions by singlet dioxygen. 
The VHOC are also produced under dark conditions, probably during 
photorespiration by the algae, (Nightingale et al., 1995, Cota and Sturges, 
1997, Paper II and V). The rates were shown to be only slightly lower than 
during light conditions. This was valid only for the polyhalogenated 
substances. lodomethane was shown to be produced at equal rates under light 
and dark conditions. It was also shown that the productions of CH3C1 and 
CH3Br were unaffected by darkness (Scarrett and Moore, 1996). The fact that 
cells can also produce active oxygen species during respiration opens the 
possibility for natural formation of VHOC by heterotrophs. 
In order to understand the connection between such active oxygen 
species and the formation of VHOC, several metabolic inhibitors and reducing 
agents were added to algae experiments. To fully understand the affects of 
these additions we have to have basic knowledge of photosynthesis. 
3.1 Photosynthesis 
Photosynthesis is a process which includes both light and dark reactions 
and takes place in the thylakoid membranes located in the chloroplasts in plants 
and algae. Two photosystems, photosystem I and II, (PS I and PS II), are 
involved in the light reactions where light energy is absorbed and transformed 
to chemical energy in the form of adenosine triphosphate, ATP, and 
nicotinamide adenine dinucloetide phosphate, NADPH. In the dark reaction 
(the Calvin cycle) ATP and NADPH are used to convert C02 to carbohydrates. 
Simplified, the functions of the two photosystems can be described as follows. 
Light is absorbed in special antenna chlorophyll units. The chlorophylls 
are excited and the excitation energy is captured in special reaction centre units. 
The reaction centres are pigment - protein complexes and include one donor 
side and one acceptor side, Figure 2. 
In photosystem II, the excitation energy is absorbed in the chlorophyll centre, 
P680, and forms the excited P*68o- The excited electron is very quickly 
transferred through a number of different complexes and finally to a 
plastocyanin, PC. This charge separation reaction is fast, in the range of some 
$ 
ms, where the transfer of the electron from P 680 through QA takes less than 100 
ps. 
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The primary donor is in the oxidising form, P+68o, and has to be reduced 
before another charge separation reaction can take place. The P+68o is a very 
strong oxidant, redox potential 1.2 V, (Babcock et al, 1989), and to prevent the 
charge recombination from the complex, QA, an electron is quickly taken from 
a nearby tyrosine intermediary, TyrZ, which in turn is reduced by a manganese 
cluster. The manganese cluster is oxidised when 02 is formed from H20. (The 
water splitting process will be discussed in more detail below). 
The reactions in photosystem I have similarities with those of photosystem II. 
The reaction centre pigment, P700 is excited and the charge separation is carried 
out with a transfer of the electron through chlorophylls and a series of iron -
sulphur centres. The final step is the transfer of t he electron to NADP+ to form 
NADPH. The neutral reaction centre P700, is regained by the capture of the 
electron stored in the PC molecule produced from the PS II. 
PHOTOSYSTEM 11 
0(A) 
PHOTOSYSTEM 1 
m e m b r a n e  
Figure 2. The Z - scheme pathway of the electron transport chain from water 
to NADPH. 
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Photosynthetic organisms have a high capacity for conversion of light energy to 
chemical energy under favourable conditions. Unfavourable conditions for the 
photosynthesis cause a decrease in the efficiency and under natural conditions 
the conversion efficiency of sunlight can be as low as 3 to 4%, (Asada, 1994). 
At a certain level of photon flux the capacity of the acceptor system is exceeded 
and the rate of photosynthesis reaches a limiting value. The critical value is 
species specific and most likely tropical plants and algae are more adapted to 
handle high light intensities than temperate ones. Variations in salinity and/or 
temperature and lack of nutrients can also cause a decrease in the ability to 
transfer energy from photons to carbon dioxide as a whole (Asada, 1994). 
Conditions like these will cause stress to the plant or algae. The definition of 
stress is used for describing the processes and symptoms during which the 
individual is supposed to be in a more or less critical situation, or to suffer. As 
each organism has a specific reaction to changes in the environment it is 
difficult to measure the level of impact which causes stress, and also to define 
what is normal metabolism and stress metabolism, (Elstner and Osswald, 
1994). It has become clear during the last decades that activated oxygen species 
are involved in stress symptoms developed under the mentioned conditions. 
The concentration of active oxygen during stress is likely to increase due to 
increased production or lower capacity to scavenge. 
Despite that algae and higher plants differ in morphology they all contain PS I 
and PS II reaction centres with different pigments but only minor variations in 
redox components. 
3.2 Formation of active oxygen species 
Dioxygen is in its ground state a triplet, 302. Most cell components exist 
in the singlet state. Reactions between the triplet state dioxygen and singlet 
state components are forbidden in order to maintain spin conservation. The 
reaction between dioxygen and cell components can only occur when either 
dioxygen or the substrate is activated. Since 302 has a low reactivity, cell 
components are not oxidised by dioxygen without catalysis (Asada and 
Takahashi, 1987). If 302 is activated the activated singlet state dioxygen is 
formed, '02. The singlet state is extremely reactive and toxic, and it will react 
with most organic molecules, producing hydroperoxides, which in turn can be 
reduced yielding alkoxyl radicals, RO' (Elstner and Osswald, 1994. The alkoxyl 
radicals interact with enzymes, proteins and other molecules, including DNA, 
and induce cellular damage. The excited chlorophylls (triplet chlorophylls) 
react with 302 forming singlet dioxygen. Defence mechanisms like carotenoids 
have developed in order to minimise the damage caused by singlet dioxygen. 
The chlorophyll units are closely linked together through carotenoids, and they 
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absorb light since they contain extended networks of s ingle- and double bonds. 
Therefore, they serve as light harvesting molecules in the photosynthesis and 
protect the cells against the deleterious effects of light. Production of singlet 
dioxygen in chloroplasts is enhanced when chlorophyll proteins are damaged 
(aging). Degradation products from chlorophyll units like phaeophorbide, are 
the most effective photosensitisers in the production of singlet dioxygen. 
Reduced species of dioxygen include the superoxide radical, (02'~), 
hydrogen peroxide, (H202), and the hydroxyl radical, (HO"). The superoxide 
radical is disproportionated by the enzyme superoxide dismutase, SOD, to 
hydrogen peroxide and dioxygen, Equation 1. 
02" + 02° + 2H+ —> H2O2 + 02 Eq. 1 
The radicals OH", RO' and '02 are extremely reactive and are not under 
enzymatic control, the reaction rate constant is high, therefore they will react 
with everything in their molecular neighbourhood. 
The major site of superoxide production under normal conditions is in 
the chloroplasts at the reducing site of PS I, (Asada and Takahashi, 1987, 
(Elstner and Osswald, 1994). In photosynthesis the ultimate electron acceptor is 
NADP+ that accepts two electrons and one proton forming NADPH. If oxygen 
acts as an electron acceptor, superoxide radical will be formed (Mehler 
reaction). The superoxide radical is reduced, spontaneously or catalytically with 
the aid of SOD, to hydrogen peroxide and dioxygen, Equation 1. In addition, if 
the superoxide radical fails to interact with SOD, it can react with other 
reductants, like ascorbate. 
If superoxide radical reacts with ascorbate, (AH), hydrogen peroxide and 
dioxygen will be produced, Equation 2 and 3. 
02 • + AH + H+ H202 + A Eq. 2 
02" + A + H+ —» 02 + AH Eq. 3 
Under conditions where algae are irradiated with light energy in excess 
of electron acceptors, the photoproduction of active oxygen increases (Asada 
and Takahashi, 1987). When superoxide radicals are not scavenged in the 
chloroplasts, hydroxyl radicals can be formed (Asada, 1994). The redox 
potential of OH' is high, +2 V. Hence, there is a possibility that the hydroxyl 
radical could oxidise CI", Br" or I". The red ox potential for the oxidation of the 
halides is given in the Equations 4-7. 
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2F" - » F2 + 26 E° = - 3.06 V Eq. 4 
2C1" -» Cl2 + 2e" E° = - 1.36 V Eq. 5 
2Br" —> Br2 + 2e E° = - 1.07 V Eq. 6 
21 — > I2 + 2e E° = - 0.54 V Eq. 7 
Consequently, VHOC production could be induced by the OH" due to the 
formation of HOX. Also, it is evident that fluorinated compounds could not be 
formed. 
Although the production of active oxygen is suppressed by several 
mechanisms, the formation of active oxygen species can not be zero. In 
addition, controlled production of active oxygen plays a role in the cell 
metabolism and the defence against other organisms, (Asada and Takahashi, 
1987). The production rate of superoxide radicals from thylakoid membranes is 
240 jiMs"1, even under favourable conditions to photosynthesis, (Asada, 1994). 
Superoxide radicals are also produced in the chloroplasts in the dark. During 
the chloroplasts respiration, reduced ferredioxin is produced and its 
autooxidation produces superoxide radicals. 
3.3 Water splitting process 
The mechanism behind the charge separation in the photosynthesis has 
been studied extensively during the last decades. However, the exact 
mechanisms by which water is split in the oxygen-evolving complex, PS II are 
still to be elucidated, (Lindberg, 1996). The precise location, operation and 
arrangement of the complex are not completely elucidated. The water splitting 
process occurs at a catalytic site that includes four manganese atoms together 
with the essential cofactors, CI " and Ca 2+, (Yachandra et al., 1993). The P68o+ 
centre is reduced by a tyrosine residue in 20-250 ps. The oxidised tyrosine is in 
turn reduced by the manganese cluster in less a ms, (Lindberg, 1996). The light 
driven catalytic oxidation of water to dioxygen in the PS II is made by 
extracting four electrons from two Water molecules, Equation 8. 
The average redox potential for the reaction at pH 7 is 0.81 V, (Coleman, 
1990). Chloride ions, CI" are essential in the evolution of 02, (Kelley and 
2H20 -> 02 + 4H+ + 4e" Eq. 8 
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Izawa, 1978, Lindberg, 1996). In addition, Cl" is involved in the pH-dependent 
activation of the enzyme responsible in the oxidation of water. It has been 
shown that other anions can replace CI" in the 02 evolution and the relative 
effectiveness in the formation of O2 decreases in the order CI" > Br" » NO3" > 
I", and that F", sm all amines and ammonia are inhibitory to the 02 evolution, 
(Kelley and Izawa, 1978). 
3.4 Photoinhibitors 
The metabolic inhibitors used have different effects on photosynthesis 
and thereby the formation of VHOC. 
DCMU (3-(3,4-dichlorophenyl)-l,l-dimethylurea) is a herbicide that blocks the 
electron transport chain between the two photosystems, and will minimise the 
uptake of electrons by NADP+. If the majority of hydrogen peroxide is 
produced through the Mehler reaction in PSI, additions of DCMU should 
inhibit the formation of hydrogen peroxide, thus the production of VHOC 
would decrease. However, our studies showed that there was a dramatic 
increase in production rates of VHOC in both macroalgae and cultures of 
microalgae, Table 3. This suggests that dioxygen could act as an alternative 
electron acceptor, forming superoxide- and hydroxyl radicals. The VHOC 
could then be produced by an increased production of hydrogen peroxide, or 
through the oxidation of chloride by the radicals. Contradictory to our findings, 
Cota and Sturges, (1997), found that the addition of DCMU to ice-algae 
drastically decreased the production of CHBr3. 
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Table 3. The relative increase in VHOC production after addition of DCMU to 
incubations of Euchuma sp. and the microalga Cyanotheca sp. The 
experiments were performed in duplicates. 
Substance Eucheuma sp 1 Cyanotheca sp 
CH3I 20, 70 30, 300 
CHCI3 300, 300 1700, 3400 
CH3CH2I 200, 800 50, 190 
CH3CHICH3 3 600, 3 800 * 
CHC1 = CC12 170,190 1300, 1800 
CHBrCl2 600, 700 * 
CH2Br2 0, 200 * 
CH3CHICH2CH3 3 800, 6 600 * 
CC12 = CC12 3 100, 3 400 * 
CHBr2Cl 82 000, 95 000 * 
CH2ICH2CH2CH3 3 300, 7 400 * 
CHBr3 * n.p. 
CH2I2 * n.p. 
* Symbolises an increase. No values could be given since the compounds 
were not formed during light incubations, np = no production 
Paraquat ( 1,1 '-dimethyl-4,4'-bipyridinechlorid), is also a herbicide which acts 
as an electron acceptor instead of NADP+ thus forming a radical. The oxidation 
of the paraquat radical enhances the production of superoxide radicals. In 
addition, hydroxyl radicals will be produced (Asada and Takahashi, 1987). We 
could therefore expect that we would find increased production rates of VHOC 
similar to those after an addition of DCMU. 
Indeed, an increase in production rates for both macro- and microalgae could be 
seen, however smaller than for the addition of DCMU, Table 4. 
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Table 4. The relative increase in VHOC production after addition of 
paraquat to incubations of Euchuma sp. and the micro alga 
Cyanotheca sp. The experiments were performed in 
duplicates. 
Substance Eucheuma SD Cyanotheca so 
CH3I 20, 20 np 
CHC13 80,130 np, 10 
CH3CH2I 20, 30 10, 40 
CH3CHICH3 300, 330 np, np 
CHC1 = CC12 100, 250 25, 50 
CHBrCl2 180, 260 np, 20 
CH2Br2 80, 130 20, 30 
CH3CHICH2CH3 190, 310 np, np 
CC12 = CC12 1 400, 1 700 10, 1100 
CHBr2Cl 160, 290 40, 180 
CH2ICH2CH2CH3 60, 320 np, np 
CHBr3 np, 30 np, np 
CH2I2 2, 80 np, np 
np = no production 
Hydroxyurea, HU, is photooxidised by the water-oxidising enzyme, and 
inhibits the electron transfer between the redox-active tyrosine and the reaction 
centre chlorophyll, P680, (Kawamoto et al., 1994). The photoproduced HU-
radicals do not attack the water-oxidising enzyme. This means that electrons 
are still extracted according toEq. 8. The addition of HU to macro- and 
microalgae also increased the production of VHOC, which indicates that 
VHOC could be produced during the water splitting process. 
Catalase will break down hydrogen peroxide into water and dioxygen. Catalase 
cannot penetrate biological membranes therefore addition of catalase will only 
affect extracellular hydrogen peroxide. Additions of catalase did not influence 
the production of VHOC. 
Azide added to incubations of macroalgae decreased the production of VHOC, 
Paper II and III. In addition, additions of azide to ice algae minimised the 
production of bromoform, (Cota and Sturges, 1997). Scarrett and Moore, 
(1996) reported that additions of azide to phytoplankton cultures did not affect 
the methyl halide production. The exact target molecule has not yet been 
identified in the inhibition of photosynthesis by the radical N3"', but the primary 
inhibition lies between the tyrosine residue and the second electron acceptor 
Q(B). Azide also inhibits the oxidation of water, (Kawamoto et al., 1995). 
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Ascorbate will increase the reduction rate of superoxide radicals present in the 
chloroplasts, (see Eq. 2 and 3). Additions of ascorbate decreased the production 
rates of VHOC except for iodomethane. This trend was also seen when 
thiosulphate was added (Figure 3). Ascorbate will probably stimulate the 
ascorbic peroxidases, whereas the function of thiosulphate is not clear. 
The above discussion regarding the formation pathways seems to be 
valid only for the polyhalogenated Ci - C5 compounds, and not for CH3C1, 
CH3Br, and CH3I. Several experiments in laboratories with macroalgae and 
phytoplankton cultures, and in situ measurements have indicated that other 
mechanisms could be involved (Scarrett and Moore, 1996, Paper II and III). 
Addition of H202, ascorbate and thiosulphate did not affect the production rates 
of iodomethane (Figure 4). Moreover, the production rate of CH3I in in situ 
measurements was the same during the dark hours as during day time. It was 
also shown by Scarrett and Moore, (1996), that the productions of CH3C1 and 
CH3Br were not influenced by azide. 
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Figure 3. The effects of addition of hydrogen peroxide, ascorbic acid and 
thiosulphate to incubations of the macroalga Meristiella gelidium compared to 
incubation in light. (From Pedersén et al. 1996). 
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It has been suggested that iodomethane could be formed as a degradation 
product of dimethyl sulphonium compounds, a competing route with the 
formation of DMS, (White, 1982). DMSP is used by algae as an osmolyte and 
should be of importance for organisms living under salt stress, such as ice 
living organisms. We found that the dominating compounds formed by ice-
living communities were iodomethane and 2-iodopropane, which have also 
been seen in Antartic communities (Fogelqvist and Tanhua, 1995). 
The amounts of biogenic VHOC found in seawater are mainly a result of 
biological activities of algae and other microorganisms. However, 
photochemical production of CH3I in seawater has been reported (Zafiriou, 
1974, Moore and Zafiriou, 1994). Moore and Zafiriou (1994), found that CH3I 
could be produced in irradiated filtered sea water with an enhanced production 
rate in deoxygenated water. In addition, the formation of chloroidomethane in 
sea water has been suggested to be from photochemical breakdown of 
diiodomethane (Moore et al., 1995b). 
Another suggested pathway is the methylation of chloride, bromide and 
iodide by methyl chloride transferase, (Wuosmaa and Hager, 1990). 
This discussion clearly shows that the mechanisms behind the formation 
of VHOC are complicated. The polyhalogenated VHOC could be formed 
through the activity of peroxidases, or through the possible oxidation of 
chloride by radicals. Also, they could be formed in the water splitting process, 
as well as by the excited P680 centre. Therefore, it is extremely difficult to 
predict where and when and to what extent the VHOC are formed. 
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4. Production of halocarbons by marine algae 
In order to increase the knowledge regarding the oceans as a major 
source of VHOC to the atmosphere, several investigations have been made on 
the production of VHOC by marine algae. It was noticed that water 
concentrations of VHOC increased close to shore lines, and therefore 
macroalgae were the first organisms to be investigated. It became evident from 
the measurements that macroalgae could not be the only producers of these 
compounds. Clearly, the most recent investigations have dealt with the 
formation of VHOC from micro organisms. Of the listed substances all, but the 
CFC:s, and 1,1,1-trichloromethane, have been shown to have a biogenic origin. 
Measurements of the production of VHOC from macroalgae have been 
carried out directly after collection, or with algae cultivated in the laboratory. 
Measurements have also been made in situ in algae beds in coastal areas. 
Temperate and polar algae have been studied extensively (Gschwend et al., 
1985, Manley and Dastoor, 1987, Manley and Dastoor, 1988, Manley et al., 
1992, Itoh and Shinya, 1994, Laturnus, 1995, Laturnus, 1996. Paper I), but only 
a few subtropical and tropical species (Paper I and II). From these studies it is 
apparent that the production rates vary between species and that there are 
geographical differences. It has also been shown that the production of VHOC 
from coastal sites varies with season (Gschwend and MacFarlane, 1986, Klick 
1992, Itoh and Shinya, 1994). 
In general, the production rates are lower for polar species than for 
temperate and subtropical algae, Table 5. Bromoform was chosen as an 
example since it is such a well known natural product, and it comprises > 90 % 
of the brominated compounds produced. The trend is, however, valid for all the 
investigated substances. 
19 
Table 5. The production rates of CHBr3 by macroalgae living in different 
environments. The rates are given in pmol/gFW h. The dry weight 
of the algae is assumed to be 20% of the fresh weight. 
Algae Polar1 Temperate2'3 Subtropical3 
Phaeophyta <200(n=15) np - 2 500(n=24) nm 
Rhodophyta <8 (n=6) np - 2 000(n=18) np - 210 000 (n=7) 
Chlorophyta 
It . T . 
<50 (n=8) 
2 .. , 
20 - 6 000(n=14) 100 - 1 500(n=2) 
1 Latumus, 1995; Laturnus, 1996, 2 Manley et al., 1992, Nightingale et al., 1995, Cota and 
Sturges, 1997, this study, 3 This study, nm = not measured, np = no significant production 
compared to the blank 
For many years the red algae were believed to be the group of algae that 
was most effective in producing halocarbons. From our study of temperate 
algae the green and brown algae were more efficient producers of VHOC than 
the red algae Figure 4, which was also noted by Laturnus (1996) and 
Nightingale (1995). The dominating iodinated and chlorinated compounds 
produced were diiodomethane and chloroform/trichloroethene depending on 
the species. 
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Figure 4. The production rates of bromine, iodine and chlorine from 
temperate (to the left) and subtropical algae, (to the right). 
Bromine comprises: CHBr3, CH2Br2, CHBrCl2, and CHBr2Cl, 
chlorine comprises: CHC13, CHC1 =CC12 and CC12 = CC12, and 
iodine comprises of: CH3I, CH2C1I, CH3CHICH3, 
CH3CHICH2CH3, CH2ICH2CH2ICH3 and CH2I2. 
g = green algae, b = brown algae and r = red algae. 
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The algae shown in Figure 5 are in the order 
Temperate green algae 
Temperate brown algae 
Temperate red algae 
Subtropical green algae 
Subtropical red algae 
Ulva lactuca L. 
Enteromorpha intestinalis (L.) Link, 
from the west coast of Sweden 
Enteromorpha intestinalis (L.) Link, 
from the east coast of Sweden 
Cladophora rupestris (L.) Kütz 
Fucus serratus L. 
Laminaria saccharina (L.) Lamour 
Laminaria digitata (Huds.) Lamour 
Desmarestia aculeata (L.) Lamour 
Chorda filum (L.) Stackh. 
Chondrus crispus Stackh. 
P. pseudoceranoides 
P. truncata 
Polysiphonia nigrescens (Huds.) Grev. 
Porphyra umbilicalis (L.) J. Ag. 
Furcellaria lumbricalis (Huds.) Lamour 
Ceramium rubrum (Huds.) C. Ag. 
Ahnfeltia plicata (Hudson) Fries 
Laurencia pinnatifada (Huds.) Lamour 
Ulva rigida C. Ag.Caulerpa sp 
Hypnea musciformis (Wulsen) 
Lamouroux 
Asparagopsis taxiformis (Delile) Tre v. 
Gelidium canadensis 
Falkenbergia hillebrandii (Born.) 
Falkenb. 
Laurencia obtusa (Huds.) Lamour. 
Corallina officinalis (L.) 
Gracilariopsis lemaniformis 
(Bory) Dawson, Acleto 
et Foldvik. 
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If we compare the ability to produce VHOC between temperate and 
subtropical macroalgae we see that there is no significant difference in the 
ability to produce VHOC for green algae, but the opposite was found for the 
red algae. The production of all VHOC was much larger for subtropical species. 
The geographical variation could have two possible explanations. Firstly, at 
latitudes with high light intensities the algae have probably adapted to the 
amounts of active oxygen species that could be formed, i.e. they have efficient 
enzymatic systems. The dependence of light on the production rates of VHOC 
has been shown for the tropical alga Eucheuma denticulatum (Rhodophyta) 
where the production increased when a light intensity of 1500 (imol photon 
m 2 s"1 was used, compared to 400 (imol photon m2 s"1 (Mtolera et al., 1996). 
In temperate regions the red algae are found in the sublittoral zone where 
the amount of light is low. The subtropical algae were found in shallow waters 
and were therefore exposed to both high light intensities and air. This is a major 
concern for the cultivation of algae. The cultures are often in shallow areas or 
tidal zones. It has been suggested that the level of hydrogen peroxide and 
VHOC could become so high that it induces tissue degradation, (Pedersén et 
al., 1996). 
Secondly, it has been suggested that the formation of VHOC could be 
temperature dependent (Laturnus, 1996). 
It should also be noted that the production of VHOC is related to the 
anatomy of the algae, (Laturnus, 1996; Nightingale et al., 1995). It was shown 
that older parts were more effective than younger ones. This could further 
support the idea of VHOC being formed from singlet dioxygen, since the 
production of singlet dioxygen is enhanced when chlorophyll units are aging 
(Asada and Takahashi, 1987). 
There is a diurnal variation in the production of VHOC, Figure 5. As can 
be seen from the graphs there are variations in the daily production between the 
two different regions. At midday a maximum was reached which coincided 
with a maximum in hydrogen peroxide concentration. In the subtropical pool a 
second smaller maximum could be seen during the dark hours, probably due to 
photorespiration. The maximum production of chloroform was longer in the 
temperate pool. Also, the maximum production of bromoform was in the early 
morning. The duration of maximum production of chloroform was much larger 
in the temperate pool than in the subtropical one. These findings show that it is 
hard to assume either a 24 h or a 12 h daily production which further 
complicates the assessment of the VHOC produced on a global scale. 
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Figure 5. The diurnal variation of CHBr3 and CHC13 in a subtropical pool 
(upper plot) and a temperate pool (lower plot). The temperate pool 
contained mainly the green macroalgae Enteromorpha sp. and the 
subtropical pool Cystoseira abies-marina. 
Lately, investigations have been made to establish the formation of 
VHOC by microorganisms, since it has been shown that production of VHOC 
by macroalgae cannot account for the measured concentrations of the 
substances in water and air. Both axenic and unialgal cultures have been 
investigated (Sturges et al., 1992, Sturges et al., 1993, Tokarczyk and Moore, 
1994, Abrahamsson et al., 1995, Moore et al., 1995b, Sturges and Cota, 1995, 
Tait and Moore, 1995, Scarrett and Moore, 1996), and it was shown that they 
could produce both the monohalogenated methanes and the polyhalogenated 
substances. Temperate species were rather poor producers of, for example, 
bromoform, whereas chlorinated compounds were produced to a higher extent. 
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The oceans are believed to be the major source of chloro- and 
bromomethane to the atmosphere. However, Tait and Moore (1995), concluded 
that the production of chloro- and bromomethane could not account for the 
measured concentrations. 
We have made investigations of natural populations of different sized 
microorganisms in polar regions. The results show that the smallest fraction, 
the pikoplankton, are major producers of VHOC, Figure 6. The relatively small 
production in the Arctic Ocean compared to the Greenland Sea could be 
explained by a seasonal as well as geographical variation. The measured 
production rates during these two investigations were reflected in the surface 
water concentrations. For example, the mean concentration of CHBr3 was 44 
pmol/1 in the Greenland Sea and 0.6 pmol l"1 in t he Arctic. 
500 -
nmol halide / mg chl a h 
450 - 150- 1000 
•  12- 150 400 -
Figure 6. Production rates of VHOC measured from microorganisms of 
different sizes. They were incubated at 0° C and at a light intensity 
of 30 |imol photons m"2 s"1. Gr: surface waters in the Greenland 
Sea October -95, Arc: surface water from the Arctic Ocean, 
summer-96. The different sized fractions are given in p.m. The 
chlorophyll concentration in the samples did not vary significantly 
during the incubation period. Picoplankton: 0.4-2 pm, 
nanoplankton: 2-12 pm, and microplankton: 12-150 pm. 
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5. Flux estimations of halocarbons 
In order to be able to estimate the flux of VHOC produced in the oceans 
several parameters have to be known, Figure 7, such as accurate values of air 
and seawater concentrations, the total production in the surface mixed layer, 
and the aquatic loss. The aquatic loss includes both chemical degradation and 
downward mixing. 
To the stratosphere 
10 km 
75 m 
Downward mixing 
Figure 7. The different path ways for naturally produced substances released 
into the sea water. 
Aquatic degradation 
Production 
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The flux of VHOC to the atmosphere is determined by the physico-
chemical properties of the compounds, and the nature of the boundary layer at 
the interface between water and air. Kinetic models have been derived to 
describe the rate of mass transfer in water not at equilibrium. At an early stage 
the model was based on the diffusion of a compound through a stagnant thin 
layer. However, in practice, it is difficult to measure the actual film thickness. 
Butler and Rodriguez, (1996), stated that most studies today use an air-sea 
water transfer velocity that incorporates molecular diffusion, water viscosity, 
wind speed etc. The flux is then described as the air-sea transfer velocity, (Kw) 
times the difference in concentrations across the interface, Equation 9. 
F = Kw (Cw-Ca/H) Eq.9 
where Cw is the concentration in water, Ca the concentration in air and H the 
Henry's law constant. The dimensions of F could be mol cm"2 h1. The air-sea 
transfer velocity can be described in many ways. A thorough discussion of 
different factors affecting the mass transfer, such as wind speed, wind fetch and 
surface contamination have been made by Schwarzenbach et al (1993). 
It should be made clear at this stage that there are large uncertainties in 
the estimates of air-sea exchange rates, total production, degradation rates and 
the thickness of the surface mixed layer. Butler and Rodriguez (1996), found 
that the contribution to budget uncertainties for CH3Br in transfer velocity, 
mixed layer depth and aquatic loss rates were 11%, 5% and 2% respectively. 
Moreover, the estimations of the total production of VHOC by planktonic 
microorganisms is extremely difficult, since it has been shown that there is no 
relationship between the concentration of chlorophyll and concentration of the 
VHOC, (Abrahamsson and Ekdahl, 1993; Tokarczyk and Moore, 1994; Moore 
et al., 1995b). 
The net flux to the atmosphere is equal to the total production - total 
aquatic loss. These parameters could be estimated and compared with the flux 
estimates from Eq. 9.1 will use CHBr3, investigated in the Greenland Sea, as an 
example, since we have data for the production by microorganisms and, surface 
water, as well as air concentrations to illustrate the problems. 
The mean surface water concentration was found to be 44 pmol l'\ and 
the air concentration was below detection limit. Using a value of Kw of 
3.59 cm h"1 w e get a flux of CHBr3 of 15 Mmol y"1. The average production rate 
of CHBr3 by microorganisms was 28 nmol mg chla"1 h1. Assuming a yearly 
average concentration of 0.5 mg m"3 of chlorophyll a, a daily production of 12 h 
during half a year in the uppermost 10 m, the total production was estimated to 
27 
be 40 Mmol y"1. Using the half life for bromoform given in Table 2, and a 
vertical turbulent diffusion rate of 103 cm2 s"1 (Schwarzenbach et al., 1993) and 
a vertical mixed layer of 75 m (Anbar et al., 1996) we end up with a loss of 0.4 
Mmol y"1. Accordingly the net flux should be 39.6 Mmol y"1. The explanations 
for the discrepancies must be found in the different terms used for the 
calculations. 
We have seen that the fluxes calculated according to Eq. 9, underestimate 
the amounts that can be emitted to the atmosphere. In Paper V, we showed that 
the loss of CHBr3 to the atmosphere was 10 times the calculated loss. In 
addition, we have had indications that the aquatic loss rate of bromoform could 
be larger than given in the literature. Investigations in the Eurasian basin in the 
Arctic in 1991 and 1996 showed that the concentration of CHBr3 below the 
thermocline had decreased from 4 pmol l"1 to less than 30 fmol 1"' during these 
five years. Moreover, it is not wise to use chlorophyll as a proxy for biomass, 
since the production of VHOC is most probably not linked to biomass, but 
rather to activity. 
To summarise, and to give a rough idea of the ocean as a source of 
atmospheric halogens the values in Table 6 were calculated. Even if the 
numbers are rough estimates, they give an idea of the order of magnitude of the 
emissions. It should be noted that the Table only includes some of the naturally 
produced VHOC and that a number of biogenic substances are responsible for 
the amounts of organo-halogens found in the atmosphere. We can see that that 
natural emissions are of the same order of magnitude as the industrial 
emissions. The industrial emission of brominated compounds was estmated by 
Sturges et al (1992) to 160 Gg y"1. The emissions of halocarbons other than 
CH3CI and CH3Br must be considered in the global budgets of halogens since 
the natural production of these compounds is of the same order of magnitude as 
the other natural VHOC. The lack of trichloroethene found in budget 
calculations by McCulloch and Midgley (1996), of 11 Gmol y"1 could be 
explained by the natural production by microorganisms. 
It is also evident that the most important producers are the planktonic 
organisms. As stated earlier, the smallest fraction, the picoplankton, are the 
most efficient producers of VHOC, and this group of organisms is the least 
investigated fraction in the oceans. 
To conclude, the oceans are a major source of organohalogens in the 
atmosphere. We know that there are large interannual, seasonal, geographical 
and diurnal variations in the production of VHOC, Consequently, it is difficult 
to accurately assess the emissions of halocarbons on a global scale. One could 
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easily imagine that the natural production changes rapidly with the result that 
the ocean could act both as a source and a sink for compounds with both a 
biogenic and an anthropogenic origin. This fact is clearly shown in the ongoing 
debate regarding the global budget of CH3Br. 
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Table 6. Comparison of the estimated flux of different halocarbons with the total 
production of halocarbons by microorganisms and macroalgae. 
Compound Water conc. Air conc. Flux Production Total production Industrial 
(pmol l"1) (PPt) (Gmol y"1) rates (Gmol y"1) emission 
(Gmol y"1) 
Polar regions 
CH3I 1.4-8.5 no value 0.06-0.42 0.02-8.4* 0.1-8 
CH3CHICH3 1.8-2.9 no value 0.06-0.1 0.08-32* 0.06-30 
CHC13 1.7-67 12 0.07-0.3 0.01-9.2* 0.006-8 8 
CHC1=CC12 1.5-12 0.6 0.06-0.5 0.07-46* 0.07-50 4 
CH2Br2 1.7-25 3-4.5 0.05-0.6 0.2-56* 0.2-50 
CHBr3 0.4-180 3-14 0.01-0.3 0.05-150* 0.04-80 
Coastal 
CH3I 2.8-56 0.1-320 0.1-2 0.07-700** 0.003 x 10"3-0.003 
CH3CHICH3 0.5-3.5 no value 0.02-0.2 2-1800** 0.001 x 10"2-0.006 
CHCI3 13-84 9-1000 0.5-0.8 0.3-380** 0.002 x 10"3-0.002 
CHC1=CC12 13-110 30-1000 0.2-0.4 3.0-540** 0.002 x 10"2-0.002 
CH2Br2 1.4-86 0.7-1.28 0.1-0.2 0.9-1600** 0.004 x 10"3-0.006 
CHBr3 7.9-2000 1.2-10 0.04-40 0.4-30000** 0.002 x 10"3 -0.1 
*Halocarbons formed by different sized microorganisms. The rates are given in pmol H-gchla"1 h"1 
**Halocarbons formed by coastal macroalgae. The rates are given in pmol g FW"1 d"1. 
The water concentrations are from: Lovelock, 1975, Class and Ballschmiter, 1987; Class and Ballschmiter, 
1988, Krysell, 1991, Eklund et al., 1978, Gschwend et al., 1982 Klick, 1992, Manley et al., 1992, Moore 
and Tokarczyk, 1992, Reifenhäuser and Heumann, 1992, Abrahamsson and Ekdahl, 1993, Krysell and 
Nightingale, 1994, Abrahamsson and Ekdahl, 1996. 
The air concentrations are from: Lillian et al., 1975, Singh et al., 1982, Class and Ballschmiter, 1986a, 
Class and Ballschmiter, 1986b, Class et al., 1986, Bruckmann et al., 1988, Frank and Frank, 1988, Frank 
et al., 1989, Atlas and Schauffler, 1991, Bianchi and Varney, 1992, Sharp et al., 1992, Koppmann et al., 
1993, Kaye et al., 1994, Gritsun et al., 1996. 
The production rates in coastal areas are from: Gschwend et al., 1985, Manley and Dastoor, 1988, Manley 
et al., 1992, Sturges et al., 1992, Sturges et al., 1993, Laturnus, 1995, Nightingale et al., 1995, Moore et 
al., 1995b, Tait and Moore, 1995, Laturnus, 1996, Abrahamsson et al., 1997, Cota and Sturges, 1997, 
Industrial emission data are from: Graedel and Keene, 1995. 
The fluxes were calculated using zero air concentrations, since the air concentrations were not measured at 
the same time as the water concentration. In polar regions the average temperature was 0 °C, and in coastal 
regions 10 °C. The surface area was, for polar regions, 46 339 109 m2, and for coastal regions 11 % of the 
total ocean surface. 
The total production by microorganisms is based on an average chlorophyll concentration of 0.5 mg m"3 
and a productive layer of 10 m, and a production time of 12 h. The total production of macroalgae is based 
on the standing crop estimated by De Vooys (DeVooys, 1979) and a 12 h production. 
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6. Determination of halocarbons 
The previous discussion has indicated that the theoretical number of 
volatile substances that can be formed is large. There is also a risk that only a 
small fraction is known. The low concentrations, in pombination with the large 
number of compounds present, require methods with adequate pre-
concentration and high separation efficiencies as well as high specificity. 
Several techniques are available for the pre-concentration of trace amounts of 
volatile organic compounds in water, e.g. head space analysis, liquid - liquid 
extraction, vacuum distillation and membrane processes. Among them, 
dynamic head space, (purge-and-trap) is often used. We have for several years 
successfully used a purge and trap technique (PaT), utilising a large packed 
trap, megabore gas chromatographic (GC) column, and electron capture 
detection, (ECD), for determinations of YHOC in sea water and in air. To 
improve detection limits, precision and separation efficiencies without 
increasing the time of analysis we have modified the initial system. The 
following discussion will describe in detail the procedure. 
6.1 Pre-concentration 
Our custom built, rigid purge and trap systems are built on an aluminum 
plate which is placed in an open aluminum frame. The system used with the 
GC-MS instrument is shown in Figure 8, and is discussed in more detail in 
Paper IV. The water sample is injected into a loop and at least two sample 
volumes are pushed through before the water is automatically injected into the 
purge chamber. The water sample is purged with nitrogen and the volatile 
substances are transferred with the gas to the trap, which is cooled by a 
circulation mixture of water/glycol to between -10 °C and 5 °C. After a specific 
purge time, the trap is closed and rapidly heated to 140 °C. Thereafter, the 
carrier gas is led through the trap, in the opposite direction to the purge gas, and 
the desorbed substances are injected onto the GC column. To increase the purge 
efficiency the bottom of the purge chamber is heated to 70 °C. To minimise the 
amount of water vapour reaching the trap, the uppermost part of the purge 
chamber is cooled to 0 °C, and a glass tube filled with anhydrous magnesium 
Perchlorate is placed after the purge chamber. The two valves that control the 
gas flows to the trap and GC are heated to 60 °C by means of an aluminum 
plate in order to avoid losses. The system also includes two valves for the 
introduction of gas and liquid standards. The gas standard valve is fitted with 
two sample loops, 5 and 10 ml. This valve is also used for air samples. The 
liquid standard valve, which is also heated, is equipped with a 15 (il loop. 
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The standard stock solution is prepared gravimetrically, and the 
compounds are dissolved in acetone. The standard stock solution is further 
diluted one million times in acetone. 15 |ll are injected through the liquid 
standard valve in sea water free from VHOC. Since the compounds are very 
volatile care must be taken in the preparation of the solutions to avoid loss 
and/or contamination from the air. The introduction of a liquid standard valve 
was shown to improve the precision. The gas standard prepared by Dr J Happell 
(Brookhaven National Laboratory, New York) contains CFC:s, 1,1,1-
trichloromethane, tetrachloromethane, and CH3C1, CH3Br and CH3I at pptv 
concentrations. 
Liquid 
standard 
Water 
Air sample and 
Oas standard 
ToGC 
Figure 8. A schematic picture of the purge and trap system connected to the 
GC-MS system. The system is shown in the purge mode, w = 
waste, v = valve. The timed events are controlled from the GC. 
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We thought that there could be a difference in the trapping behaviour of a 
compound if it was introduced as a gas or if it was degassed from water. 
Therefore we plotted the area counts for CH3I against the amounts injected 
from both a liquid and gas standard, Figure 9. As can be seen in the figure they 
are in good agreement. 
2000 n 
r = 0.996 
1500-
ö 
x 
w 1000-•+-> c 3 O o 
500-
0,6 0,8 1,0 0,4 0,2 0,0 
pmol CH3I 
Figure 9. A combined standard curve for CH3I. Open circles: liquid standard 
(n=4), filled circles: gas standard (n=4). 
6.2 Trapping 
The trap can be regarded as an extra packed chromatographic column 
where the purged analytes are injected. The ideal adsorbent material should 
adsorb all analytes of interest at the very beginning of the trap, and easily 
desorb the compounds before injection into the GC. In addition, the rate with 
which the compounds are transferred onto the GC column is important. The 
trapping efficiency is dependent on the vapour pressure of the analyte, the 
surface area of the trapping material and the thermodynamic interactions 
between the analyte and the adsorbent. Each substance has a specific retention 
volume, the so called breakthrough volume, (BTV). When the BTV is reached 
the compound will start to elute from the trap. In general, the BTV is increased 
with lower temperature. 
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Pre-concentration of compounds from water using large sample volumes 
is a problem mainly due to the long purge times required for efficient 
extraction, which leads to a high amount of water vapour in the gas. The water 
interferes with the chromatography for compounds with low k' values, and it 
could also cause clogging of the trap. Therefore, we have chosen to have 
relatively small sample volumes (approximately 30 ml), thereby reducing the 
purge time. 
Desorption of the substance from the trap is also dependent on the flow 
rate and temperature. When a miniaturised trap is used, low flow rates, 1-10 
ml/min, have to be used. To ensure small bands of the analytes at the beginning 
of the chromatographic column a rapid transfer is crucial. This is most 
important for compounds with boiling points below 30 °C, which will not be 
refocused on the column. Therefore, some methods use secondary cooling of 
the GC oven and large flow through the column. Also, an increased heating rate 
of the trap will lead to quicker release from the adsorbent (Mosesman et al., 
1987). 
Common trap materials are porous polymers, for example Porapak and 
Teenax, and different types of carbon molecular sieves, such as Carboxen. 
When large traps have been utilised, it has been sufficient to use just one of 
these adsorbents. Evalulation of adsorbents for CFC determination have been 
made by Sturges and Elkins (1993), and Simmonds et al. (1995). It was shown 
that for miniaturised traps with only a few milligrams of adsorbent, the 
adsorbent capacity of just one single adsorbent was not enough. Simmonds et al 
(1995), used a combination of different carbon molecular sieves, but it was still 
necessary to cool the trap to subambient temperatures. Also, Lobert et al 
(1995), successfully used AI2O3 in a capillary cooled to -45° C for the 
determination of CFC in air. We found that for compounds with a large range 
of vapour pressures, from CFC-12 to CH2I2, Porapak N was still the best 
adsorbent. 
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6.3 Separation 
Traditionally, in routine determinations of trace amounts of halocarbons 
in water, purge and trap as a pre-concentration technique, GC - ECD, columns 
of large inner diameters (megabore columns, inner (diameter, i.d., of 0.53 mm) 
and a thick stationary film, (> 2 |im) have been used. The megabore columns 
allow a high sample load and high carrier gas flow rates. 
In order to identify the VHOC produced by algae, a mass spectrometer 
should be used. Since the pumping capacity of the mass spectrometer is limited, 
columns with i.d. of 0.32 mm or smaller (capillary columns) have to be used. 
The advantages of such a column are, for instance, less band broadening and 
less background noise. Peak shapes for compounds with high k' are improved, 
since it is possible to achieve higher temperatures without increasing the 
column bleed. A number of capillary columns with different stationary phases 
are available. Many of the analytes are difficult to separate from each other in a 
reasonable time (< 30 min), and the separation problems differ from one type of 
column to another. 
Also, it is probable that hitherto unknown naturally produced halocarbons are 
formed that could co-elute with other substances. This has been observed for 
CFC-113 by us and others (Happell et al., 1996). 
The combination of a small trap and a narrow bore column was shown to 
improve separation as well as detection limits for VHOC. A comparison of the 
separation of VHOC achieved with the capillary column compared to the 
megabore column is shown in Figure 2. The stationary phases are of similar 
polarity. As can be seen in Figure 10, the separation between CFC-113 and 
CH3I was improved, and base line separation was achieved between CH3CC13 
and CC14. Also, the eluting order is shifted for CHC13, CH2ICH3 and CH2BrCl. 
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A 
minutes 
Figure 10 A. Analysis of halocarbons in surface sea water using a 
megabore column (DB-624, J&W Scientific, 75 m long, 
0.53 mm in inner diameter, and with a film thickness of 3 
(im). The analysis time and separation of the compounds is 
optimised for the column. Detection is made with an ECD. 
Peak 1: CFC-11, 2: CFC-113, 3: CH3I, 4: CH2CH2I, 5: 
CH2BrCl, 6: CHC13, 7: CH3CC13 and 8: CC14. 
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minutes 
Figure 10 B. Analysis of halocarbons in surface sea water using a narrow 
bore column, (Restek 502.2, 105 m long, 0.32 mm in i.d. 
and with a film thickness of 1.8 |im), The analysis time and 
separation of the compounds are optimised for the column. 
Detection is made with an ECD. Peak 1: CFC-11, 2: CFC-
113, 3: CH3I, 4: CH2CH2I, 5: CH2BrCl, 6: CHC13, 7: 
CH3CCI3 and 8: CC14. 
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6.4 Detection 
We have used two different detectors, and therefore two different PaT 
systems. The different optimal experimental conditions are given in Table 7. 
The major differences are the longer purge time, and the lower trapping 
temperature when the MS is used. In the PaT-GC-MS system the purge flow 
rate and time needed for an efficient purging of the substances were found to be 
60 ml/min for 7min, except for bromoform and diiodomethane for which a 
purge time of 15 minutes was required. 
Table 7. Experimental conditions for the two different 
systems. The column used in both systems a Restek 
502.2 with in i.d. of 0.32 mm and a film thickness of 
1.8 |lm. 
PaT-GC- PaT-GC-
ECD MS 
Amount of trapping material, 50 30 
mg 
Purge time, min 4 15 
Purge flow, ml/min 50 60 
Adsorbtion temperature, °C 5 -10 
Desorption temperature, °C 140 140 
Column length, m 105 60 
Carrier gas N2 He 
Carrier gas flow rate, ml/min 10 1.5 
In Table 8, the detection limits, precision, and extraction efficiencies are 
given for two systems, one with a large trap and megabore column and one 
with a microtrap and narrow bore column. As can be seen both the precision 
and detection limits were improved when a microtrap was used. 
The improved detection limits and precision are mainly due to improved 
peak shapes for late eluting compounds and a decrease in background noise. 
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Table 8. A comparison of detection limits and precision of VHOC. (1) 
microtrap and narrow bore column (2) large trap and megabore 
column 
Substance Detection Precision, Detection Precision, Purge 
limit, fmol/1 % (RSD) limit, fmol/1 % (RSD) efficiency 
(1) (1) (2), (2), (%) ' 
CFC-12 8 6 nd * 
CH3CI 400 1 nd * 
CH3Br 50 1 nd * 
CFC-11 0.3 3 20 0.4 * 
CH3I 0.6 3 20 3 100 
CHCI3 0.6 3 20 3 99 
CH2ICH3 2 2 40 3 nd 
CH2BrCl 8 0.8 400 0.9 nd 
CH3CCI3 1 3 20 2 99 
CCI4 0.3 2 6 4 99 
CH3CHICH3 6 2 200 6 100 
CHC1 = CC12 2 3 60 5 100 
CHBrCl2 1 3 20 2 100 
CH2Br2 2 3 40 2 98 
CH2ICH2CH3 1 2 nd 99 
CH2CII 1 3 20 1 100 
CH3CHICH2CH3 2 1 90 6 100 
CC12 = CC12 0.2 3 20 5 100 
CHBr2Cl 2 3 20 2 100 
CH2ICH2CH2CH3 2 3 50 7 100 
CHBr3 30 4 200 6 97 
CH2I2 2 2 2 500 11 70 
The detection limits are given with a signal:noise ratio of 3:1, n=3. * gas standard, nd = not 
determined. 
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The overall precision of the determinations of VHOC in seawater was 
shown to be: CFC-11 2%, CH3I 2%, CH2ICH3 3%, CHC13 4%, CH3CC13 7%, 
CC14 4%, CH2Br2 6%, CHCl2Br 2%, CH2C1I 3%, CC12 = CC12 3%, CHBr2Cl 
3% and CHBr3 5%. The numbers are calculated from five samples and include 
sampling, storage of the samples in a cooler filled with circulating surface sea 
water and the analysis. The water was from a depth of 1480 m in the Greenland 
Sea. 
The mass spectrometer was used in two modes, electron impact (EI), and 
negative chemical ionisation (NCI). The differences in fragmentation between 
the two modes are illustrated in Figure 11. In NCI, I" is the only fragment 
detected, while several fragments, including the molecular ion are detected in 
EI. 
The detection limits, precision and purge efficiency in the PaT-GC-MS 
system are given in Table 9. Compared to the PaT GC-ECD system, the 
detection limits are two to three orders of magnitude higher. 
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Figure 11. Mass spectra (sample ions minus background) of chloroiodomethane 
CH2C1I, in El-, A, and NCI, B, mode. Fragments m/z: 176/178 
(CH2CII), m/z: 141 (CH2I), m/z: 127 (I) and m/z: 49/51 (CH2C1). 
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Table 9. Detection limits, precision purge efficiencies for VHOC in EI - and 
NCI mode. 
Substance Det. limits 
EI, pmol/1 
Det. limits 
NCI, pmol/1 
Precision 
RSD (%) 
Purge 
efficiency 
(%) ' 
CH3I 0.8 0.07 3 100 
CH2CI2 1 200 1 100 
CHC13 0.1 5 2 96 
CH2ICH3 1 0.3 2 100 
CH2BrCl 4 4 1 100 
CH3CCI3 0.8 5 2 100 
CCI4 0.5 0.5 2 100 
CH3CHICH3 3 1 2 100 
CHC1 = CC12 0.5 7 3 100 
CHBrCl2 0.9 0.8 0.4 99 
CH2Br2 1 0.7 3 95 
CH2ICH2CH3 3 0.6 3 100 
CH2CII 1 0.1 3 93 
CH3CHICH2CH3 1 1 3 99 
CC12 = CC12 0.3 2 4 100 
CHBr2Cl 0.7 0.8 2 95 
CH2ICH2CH2CH3 1 0.7 2 98 
CHBr3 2 2 2 93 
CH2I2 2 6 2 92 
signal:noise ratio of 3:1, n = 5. 
We have shown that microtraps can be used in the pre-concentration of 
VHOC in seawater. In connection with a narrow bore column this was an 
excellent combination regarding detection limits and precision of the VHOC. It 
was not necessary to cool the trap to temperatures as low as -45° C. Instead the 
cooling of the trap was achieved using a circulating mixture of water/glycol 
without the need for additional cry-cooling of the GC-oven even if the flow 
rates were as low as 1.5-2 ml/min. The combination of cooling the uppermost 
part of the purge chamber and drying the gas with anhydrous magnesium 
Perchlorate was sufficient to minimise the amount of water vapour reaching the 
trap. 
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7. Concluding remarks 
The work presented in this thesis shows that the diversity of halocarbons 
produced by nature is large and that there are a number of compounds that are 
produced in amounts that are significant for the cherpistry of the atmosphere. 
The production is probably as old as the development of photosynthesis 
some 3-4 billions years ago, and the emissions of the halocarbons could have 
been Nature's own way of regulating the ozone layer. 
Methyl chloride and methyl bromide are believed to be the largest single 
contributors, disregarding the chlorofluorohydrocarbons, of halogens to the 
atmosphere. It is however possible that other rather short lived chlorinated and 
brominated compounds could reach the stratosphere as well. For instance, 
chlorinated compounds with lifetimes in the troposphere of some months are 
transported to the stratosphere (Graedel and Keene, 1995). The magnitude of 
the emission of naturally produced compounds is of the order of Gmol y"1, 
which is of the same order as the industrial emissions. 
The production and the rate of loss of V HOC in the oceans, governs the 
concentration of the volatile halogenated compounds in sea water and thereby 
the flux of these compounds between the ocean and the atmosphere. The 
magnitude of the ocean flux could be sensitive to global climate change since 
both temperature and marine productivity are sensitive to the climate changes. 
A large uncertainty in budget calculations is the variability in marine 
production rates. We need to find a parameter which in some way reflects the 
production of halocarbons. One of the most important factors controlling the 
production of halocarbons is the light. Consequently, photosynthetic activity 
should be a better proxy than chlorophyll data. A disadvantage with activity 
measurements is that we need to depend on shipboard measurements, which 
severly limits the number of investigations that could be made. 
It is evident, since the coastal zone only provides 3% of the oceanic 
productivity (DeVooys, 1979), that the planktonic organisms are of major 
importance. Special emphasis should be put on the picoplankton. 
It is difficult to judge the relative importance of the uncertainties in the 
total production and the total loss. However, efforts should be made to further 
elucidate both the regulating mechanisms of the formation of VHOC, as well as 
the kinetics of aquatic loss. Moreover, future work should also aim to make 
more accurate estimates, especially during rough weather, of the air-sea transfer 
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velocity. This is not an easy task since it involves a number of physical 
parameters. Also, scientists tend not to work during stormy events. 
The role of the tropics is still not elucidated since most investigations 
have been carried out at higher latitudes. The work has clearly shown the 
intimate relationship between light and active oxygen species and the formation 
of halocarbons. The fact that we found one alga in the subtropical tidal zone 
that produced halocarbons at such high rates, highlights these areas as being of 
special concern. 
Other natural sources such as volcanoes and burning of biomass need to 
be taken into consideration. For instance, measurements of 
chlorofluorohydrocarbons and some chlorinated compounds in volcanic plumes 
revealed that these compounds were present at ppb levels, (Isidorov, 1990). 
Also, the possibilty of heterotrophic production of halocarbons should also be 
taken into consideration. It was shown that leukocytes in human bodies produce 
hydrogen peroxide and superoxide radicals, and through enzymatic activity of 
myeloperoxidases, HOC1 was produced, which inevitably leads to halocarbons 
if organic compounds are present (Nurcombe and Edwards, 1989). We have 
also had indications that organisms in marine sediments produce halocarbons. 
Therefore, more investigations with organisms like bacteria, and especially one 
of the oldest groups of bacteria the cyano bacteria, should be made. 
The optimal analytical technique that should be used for the 
determination of halocarbons in sea water was shown to be preconcentration of 
the compounds with a purge and trap technique based on a microtrap with the 
subsequent separation with a narrow bore column and electron capture 
detection.The detection limits and precision are sufficient in order to assess 
concentrations of halocarbons found in sea water. In principle, the only further 
requirement could be a search for another stationary phase, which perhaps 
could minimise some of the separation problems. Furthermore, if a mass 
spectrometer is to be used the manifacturers need to improve the instrumental 
designs. 
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